By several approaches, signal pathways that are activated exclusively or primarily in the hyphal state have been demonstrated. Signal transduction cascades modulated by elements such as cAMP and mitogen-activated protein (MAP) kinase cascades ( Fig. 1 ), appear to regulate the yeast-to-hyphae transduction. 5) Recently, it has been reported that an autoregulatory substance, farnesol, is produced by C. albicans. Farnesol prevents hyphae formation, 6, 7) however, the mechanism of the inhibition is unclear. In this study, we demonstrate the mechanism of farnesol in C. albicans.
MATERIALS AND METHODS
Reagents Farnesol was purchased from Sigma Chemical Co. (U.S.A.).
Organism and Growth Conditions C. albicans NIH A-207 strain was routinely grown at 30°C in Sabouraud's medium (10 g peptone, 20 g glucose, and 5 g yeast extract per liter). To induce hyphae formation, the cells were grown in RPMI1640 medium at 37°C, in a 5% CO 2 condition.
Effect of Farnesol on Transformation of C. albicans C. albicans cells were grown in Sabouraud's medium to the stationary phase for 24 h, and washed twice with sterile water. Then, the cells were adjusted to 1ϫ10 4 cells/ml in RPMI1640. Farnesol was added, and cells were incubated for 24 h. After incubation, the cells were pelleted by centrifugation, and mixed with 1 ml of 0.02% crystal violet. The number of yeast cells was counted using a hemocytometer. The amount of crystal violet absorbed by the C. albicans cells was measured at 590 nm and converted to the number of cells using a calibration curve. The number of cells was shown as total cells (yeast and hyphae cells). In a preliminary experiment, we confirmed that the absorbance of crystal violet by C. albicans was the same between hyphae and the yeast cells (0.1 mg/mg of dry weight).
RT-PCR Analysis C. albicans cells (1ϫ10 5 cells/ml) were incubated with farnesol in RPMI1640 in 5% CO 2 at 37°C for 3 h. The cells were washed twice with sterile water. A cDNA library of C. albicans was synthesized with a Cellto-cDNA kit (Ambion Inc. U.S.A.). C. albicans genes used in this assay searched for using Entrez, which is a search and retrieval system that integrates information from databases at the National Center for Biotechnology Information (NCBI, U.S.A.). According to the genes sequence, we designed a primer for Polymerase chain reaction (PCR) using the Search Launcher System in the Human Genome Sequencing Center, Baylor College of Medicine (U.S.A.). PCR reaction was conducted with a KOD-plus kit (Toyobo Co., Ltd.). PCR products were analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies).
Statistical Analysis
Values are shown as meanϮS.E., and statistical analysis of these data was performed using the Student's t-test. A pϽ0.05 was considered significant.
RESULTS AND DISCUSSION
Farnesol released by C. albicans is a morphogenetic autoregulatory substance and inhibit the yeast-to-hyphae form conversion of C. albicans. 1, 2) In this study, we examined whether farnesol acted as a hyphal growth inhibitor of C. albicans in RPMI1640. When C. albicans was cultured in RPMI1640, the cells generally grew in hyphae form. However, the addition of farnesol inhibited the hyphae growth ( Table 1 ), suggesting that farnesol suppressed the signal pathway of hyphae formation.
The morphogenetic regulators identified in C. albicans are homologues of the Saccharomyces cerevisiae STE genes: the C. albicans genes CPH1, HST7 and CST20 are homologues of the S. cerevisiae STE12, STE7 and STE20 genes, respectively. [8] [9] [10] [11] The C. albicans mutants (cph1, hst7 and cst20) in these genes interrupt hyphae growth. 10, 11) These findings suggested that MAP kinase pathways are related to hyphae growth and virulence. On the other hand, a cAMP-EFG1 pathway is also defined as the morphogenetic pathway in C. albicans. EFG1 belongs to a family of basic helix-loop-helix transcription factors, and homozygous EFG1-deficient mutants are unable to form hyphae. 12, 13) Hyphae-specific proteins such as the ALS family, HYR1 and HWP1, are hyphae wall proteins in C. albicans, and these expressions are regulated by EFG1. [14] [15] [16] As the transformation of C. albicans is regulated by a MAP kinase cascade and a cAMP-EFG1 pathway, we suggested that farnesol suppressed each or both. The expression of hyphae-specific mRNAs (ALS1, HYR1 and HWP1) and MAP kinase cascade mRNAs (CST20, HST7 and CPH1) were measured using the RT-PCR method. The relative expression of mRNAs was calculated by the amount of actin 1 gene (ACT1), according to the method of Sharkey et al. 17) As shown in Fig. 2A , farnesol did not alter the expression of hyphae-specific mRNAs. HST7 and CPH1 were reduced by farnesol, but CST20 was not (Fig. 2B) . These results estimated that farnesol inhibited the MAP kinase through decrease of HST7 and CPH1 mRNAs.
General amino acid permease (GAP1) affects hyphae growth, and the expression of GAP1 is regulated by MAP kinase cascades in C. albicans. 18) To estimate whether farnesol inhibits MAP kinase cascade, we measured the expression of GAP1 in C. albicans treated with farnesol. The expression of GAP1 was suppressed by the farnesol (Fig. 2B ), indicating that a MAP kinase cascade was inhibited.
In the cells of fission yeast Schizosaccharomyces pombe, transcription of STE7, homologue HST7 in C. albicans, was induced by nutrient starvation. 19) In C. albicans, the hyphae formation by nutrient starvation is induced through activation of MAP kinase cascade. A farnesol might suppress hyphae formation through inhibition of the starvation signal. Vol. 27, No. 5 
